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ABSTRACT
The lack of knowledge regarding air entrainment caused by large jets in hydraulic structures, such as downstream
Pelton turbines, has led EDF (Electricité de France) to carry out a test series to optimize the La Coche Power
plant. The data extracted from this work have been used in the frame of a research project.
A first experiment, performed on a large jet impacting the free surface of an open channel, has confirmed that
physical phenomena concerning the behavior of large scale plunging jets are still not well understood. The main
parameters that have been measured are the penetration depth, the entrained air flow rate, the average bubble size
below the free surface, and the rising slope of the bottom boundary of the bubble plume. Globally, when comparing
the data collected downstream of the jet impact zone with the predictions proposed in the literature, the different
relations are not scalable with the jet dimension. Moreover, it appeared that these parameters are intimately linked
to the jet state upstream the impact point. Consequently, a second experimental set-up was designed to measure the
dynamic pressure and the void fraction inside the jet. These results have shown that even an elementary parameter
such as the breaking length is not well predicted by existing formula. Indeed, high-frequency videos have proved
that in certain cases, the jet is still continuous while literature predicts a broken jet. In addition, the
experimentations show that the jets are flapping during the fall and thereby impacting the free surface over an
enlarged region.
Keywords: Plunging jet, air entrainment, experimental jet statement, large jets.

1. INTRODUCTION
Air entrainment caused by a transition between free-surface flows and confined flows often occurs in hydro-power
projects. In literature regarding the air entrainment due to a plunging jet, only five references are close to the hydropower structures scales concerning the jet diameter range, which is typically more than 10 centimeters. These are
Donk (1981), Falvey et al.(1987), Evans et al.(1992), Ervine and al.(1997), and Duarte, (2014). When considering
the same range of falling height, only the four following references are close to the targeted conditions: Elsawy et
al. (1980), McKeogh et al. (1981), Falvey H. et al.(1987), and Ervine et al.( 1997). If both the jet diameter and the
fall height are considered, only the studies of Falvey et al. (1987) and of Ervine et al.( 1997) happen to be close to
the present configuration. An improved knowledge of the air-disturbed flows would obviously enable researchers to
increase the efficiency of design studies when assessing the feasibility or evaluating the cost of hydro-power
projects. The main application fields are the jet impact in a downstream basin of a Pelton turbine or the jet impact
on a concrete structure. Hence, an experiment dedicated to the “La Coche Pelton” hydraulic power-plant
enhancement (EDF France) is valuable to define the air flow rate entrained by the vertical jet, the bubbles size, and
the penetration depth in the downstream flow. Two jet diameters have been used with three different discharges and
with two large-scale apparatus. Around 800 points have been garnered for the downstream flow, and around 220
points have been measured in the plunging jet. The purpose is to investigate the mechanisms that cause air

entrainment downstream of the impact and the behavior of the bubble cloud in the downstream flow. This article
tackles the preliminary step of the planned experimental study. First, the experimental apparatus and the jet
configurations will be detailed. Then, the key variables in the bubble plume will be discussed. Finally, void fraction
and pressure measurements within the jet will be presented in the last section. In addition, the reliability of the
break-up length predictions will be discussed.

2. EXPERIMENTAL APPARATUS
Two experimental apparatuses were used to evaluate the jet impact and the behavior of the air entrained under the
free surface. The first one was erected on the Pont de Claix channel (EDF France). This first experimental set-up
(Figure 1, Figure 2) aimed at analyzing the behavior of the air entrained by the jet under the free surface in the
downstream channel. The second one (Figure 5) was erected at the CERG (Centre d’Etude et de Recherche de
Grenoble) in Grenoble (France) to provide data regarding the jet structure before its impact.

2.1. General Jet Configurations
Table 1: The five jets configuration studied on the two apparatus
Nozzle diameter (D0)(mm)
Jet Flow rate (Q)(L/s)
Nozzle outlet velocity (V0) (m/s)
Nozzle outlet Reynolds number (Re)
Nozzle outlet Froude number (Fr)
Nozzle outlet Weber number (We)

135
80
5.59
754512
4.86
57766

135
110
7.68
1037454
6.68
109215

164
50
2.37
388183
1.87
12587

164
80
3.79
621092
2.99
32221

164
110
4.73
776366
3.73
50346

Re   l V0 D0 

Reynolds Number

(1)

Fr  V0

Froude Number

(2)

gD0

We  lV02 D0 

Weber Number
(3)
In the equations (1,2,3), g is gravity acceleration, V0 is the average velocity at the nozzle outlet, D0 is the nozzle
diameter, m is the liquid dynamic viscosity, rl is the volumetric mass density of the liquid, and s is surface tension.
The Reynolds numbers indicate that the flow is fully turbulent at the nozzle outlet, whereas the Weber numbers
show that inertia largely dominates capillarity.

2.2. Channel Experimental Apparatus

(a)

(b)

(c)

Figure 1: View of the channel upstream (a), of the experimental platform (b), of the channel downstream (c).

(a)

(b)

Figure 2: Streamwise section sketch (a) and transverse section sketch (b) of the channel experimental apparatus
The experimental apparatus was located 300 m downstream of the inlet weir of the straight channel and 500 m
upstream of the channel end. The channel is 8 meters wide (l) and 5 meters deep. The water level in the channel was
controlled by an inlet weir. The channel flow rate (Qc) was imposed by a hydro power plant downstream. The
available range of channel flow rates was 35-80 m3s-1. For practical reasons, the channel flow rate (Qc) was set to 45
m3s-1. Thus, the average channel velocity (Vc) under the jet was 1.35 ms-1 (Figure 1). The stability of the Channel
velocity and flow rate was checked by a SonTek Acoustic Doppler current profiler (ADCP) upstream the apparatus.
The flow depth (h) of the channel was set to ensure a 2.57 m falling height (Lc) between the jet nozzle and the free
water surface (Figure 2).
The jet flow rate (Q) was pumped out of the channel by two pumps, which fed the PVC 164.3 mm internal diameter
circular pipe network. The outlet of this network was the injector itself (Figure 3), which comprised a divergent
(I.D. 164 mm to 320 mm) linked to a 600 mm of 320 mm I.D. pipe. A 90° Elbow links the inlet network to the
injector. Two calming flow straighteners were located in the straight part to decrease the turbulence level before the
nozzle inlet. The two nozzles, presented in Figure 3, are conical with the same convergent 0.32 (H/V) slope (Figure
3). The nozzle outlet internal diameters (D0) are 164 mm and 135 mm with a respective length of 500mm and
592mm. Consequently, the jet falls down in an atmospheric surrounding. A Krohne Optisonic ultrasonic flow meter
located upstream the injector enabled measurement of the flow rate.
All the results regarding air entrainment were obtained with an RBI optical probe. This probe was attached to a mast
that was able to move in the three directions: X, upstream-downstream (from 1 m downstream the jet to the end of
the bubble cloud); Y, left bank- right bank (between -2.5 m to 2.5m centered on the jet); and Z, flow depth (up 2 m
penetration depth H), as shown in Figure 2 and Figure 3. For each jet configuration, that probe was used to provide
the void fraction, the penetration depth, and the bubble plume shape along three channel sections downstream the
jet. The first measurement section was located 1 m downstream the jet, the second one took place at the middle of
the white water induced by the jet, and the last was located around 0.30 m before the disappearance of the surface
white water.

Figure 3: Injector details of the two apparatus
If the void fraction measured by the optical probe was below 0.02, it was assumed that the probe was outside the
bubble plume. Hence, this criterion enables the determination of both the penetration depth Z max and the lateral
extent X max of the bubble plume. A total of 800 measurement points were recorded during the channel
experimental runs.
Z
Flow direction

Y
X
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X = 2.8 m
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Y
Z

Figure 4: Iso-contours of the void fraction (color scale) over the three half vertical cross-sections located 1, 2.8 and
4.6 m downstream the jet impact location (D0 =135 mm, Q=0.11 m3s-1).



 Tg

Void fraction definition
(4)
Tt
Basically, the optical probe signal provides the indicator function of the phases detected by the probe tip. Hence, the
void fraction (a) is simply the total time spent in the gas phase (Tg) divided by the acquisition time (Tt). Void
fraction maps over all three sections can then be drawn as shown figure 4.

2.3. Lab Experimental Apparatus
The same hydraulic network was erected at the CERG, but in this second set-up, the jet fell into a dry channel. The
void fraction and the dynamic pressure were measured over 3 jet cross-sections located 0.27 m, 0.94 m, and 2.57 m

downstream the nozzle outlet (Figure 5). A minimum of 11 measurement points were collected along a jet diameter,
the latter was determined by visualization. Around 220 points were collected during these runs.
The dynamic pressure sensor is a FGP sensor XPM5-S126 with a 10 kHz sampling rate. A minimum of 50,000
pressure values have been recorded for each pressure, representing about a 5 second run. High-speed cameras gave
the opportunity to collect movies of the different jets during laboratory runs. All high-speed movies were recorded
after the completion of dynamic pressure and void fraction measurements. Video tools were 2 Phantom Miro M310
cameras (5,040 frames per second for a 896*720 pixels resolution), used with three objectives Nikkon, 60 micro
Nikkor, Nikkon 105 micro Nikkor 180 mm APO macro Sigma. The lighting system comprised two alpha 4K 4kW
electronic ballast and a Chimera Lighting box.

(a)

(b)

(c)

Figure 5: Sketch of the CERG lab experimental apparatus (a), view of the jet between Z= 1 m to 2.57 m (exposure
time 1/24 s) (b) and image at Z= 2.57 m falling depth (exposure time 1/5000 s) (c) for the nozzle D0=135 mm,
Q =0.11 m3s-1.

3. PLUNGING JET AIR ENTRAINMENT
3.1. Bubble Size under the Free Surface
We assume that the typical time after which a bubble is entrained at the velocity of the liquid can be estimated as
about 1/3 of the diffusion time (t):



d2



Diffusion time

(5)

where d is the bubble diameter (m) and ν the kinematic viscosity (m2s-1) of the surrounding fluid. For millimeter
size bubbles in water, the order of magnitude of 1/3*t is 0.3 s. Thus, the bubble velocity in the first section located 1
meter downstream the jet impact is already equal to the water velocity (1.35 m s -1). Consequently, the measured
bubble diameter (d) can be obtained by multiplying the average gas residence time (Tg) detected by the probe by the
average channel velocity (Vc) along the horizontal, namely:
d  Tg *Vc
Measured bubble diameter
(6)
The average measured bubble diameter for all experimental conditions happens to be comprised between 2.2 and
2.8mm. Only one reference addressing the question of bubble diameter has been found (Simonin, 1959). The first
attempt to predict the bubble diameter was based on equation (7) coupled with equation (14) that forecast the air

entrained flow rate (Figure 6). The second way of predicting bubble size was to calculate the average bubble size
using the measured entrained air flow rate in equation (7). Whatever way was used, the calculation provides a
bubble size slightly above 3mm, and thus overestimates the experimental value. This shows that the bubble size
created by jets similar to the one currently studied is not well predicted, even though the order of magnitude is
correct.
0.0036
0.0034

Calculated diameters (Simonin 1959 with measured Qg)

Diameter (m)

0.0032

0.0030

Measured diameters

0.0028
0.0026

Calculated diameters ( Simonin 1959) and calculated Qg (Donk
1981)

0.0024
0.0022
0.0020
0.05

0.07

0.09

0.11

Flow Rate(m3/s)

Figure 6: Evaluation of the bubble average diameter
1

 Qg  3

d  4.3 * 10
Average bubble diameter (m) (Simonin)
Q 


In equation (7), Qg is the entrained air flow rate and Q is the jet flow rate (m3s-1).
3 

(7)

3.2. Penetration Depth
A simple way to evaluate the uncertainty on the penetration depth due to the location of the first measurement
section is to analyze the bubble movement. With the same assumption as in the previous section, the bubble
horizontal velocity is equal to Vc. The bubble ascent velocity range given in Clift et al. (1978) is between 0.15 ms-1
(contaminated water) and 0.3 ms-1 (distilled water) for a Morton number equal to 2.57 10-11. Hence, the ascent slope
(ascent velocity/bubble horizontal velocity) range is 0.11 to 0.22 depending on the water quality. It indicates that the
uncertainty on the penetration depth due to the location of the first measurement section on the first apparatus is at
most 0.22 m. Thus, the measured penetration depth has been directly compared to the calculated ones.

M 



g 4  l   g

l *
2

3



Morton number

(8)

In equation (8), g is gravity acceleration, µ is the liquid dynamic viscosity, l and g are the volumetric mass
density of the liquid and of the gas, and  is surface tension.
Two procedures have been proposed to predict the penetration depth (H). Some authors have used the continuity or
momentum equations [Clanet et al. (1997) and Albertson et al. (1950), followed by Falvey et al. (1987)] to
determine semi empirical equations that provide the penetration depth. Others, such as McKeogh et al. (1981) and
Nakasone (1987), have proposed empirical formulae (see Table 2). The predictions for our flow conditions range
from 1 to 10 m. The experimental measurements happen to be close to the Nakasone results (Figure 7).
Table 2: Penetration depth relations

H  2.6 * (Vi D)

0.7

(9) McKeogh et al.
(1981)

Vi
D

 H
 3.12*   4* tanα  4 * tan 2 α 
UT
H
D





(10) Falvey et al.(1987)

H

2
* HC
3

(11) Nakasone,
(1987)

Vi
H
1

D 2 tan( ) U T

(12) Clanet et al.(1997)

In the previous equations (9,10,11,12), Vi is the jet velocity at impact, Ut is the bubble terminal velocity, D the jet
diameter at impact, H the penetration depth, and  the jet open angle under the free surface.
The comparison points out the fact that only the Nakasone proposal is close to the current experimental data.
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Figure 7: Penetration depth measurements (X=1m) compared with literature predictions.

3.3. Ascent Slope of the Bubble Plume Bottom
2
y = -0.3623x + 2.1513

Bubble plume bottom depth (m)

1.8
y = -0.2966x + 1.8352

1.6
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1.4
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1
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Figure 8: Ascent slope of the bubble plume bottom for all the jet cases
It is possible to measure the bubble penetration depth in all sections. Hence, it is possible to determine the measured
ascent slope of the bottom of the bubble plume. The average slope for the 5 cases is equal to 0.35 as shown in
Figure 8. With the assumption that the average channel velocity is also the bubble horizontal velocity, the average
ascent velocity of bubbles is equal to 0.48 ms-1. This means that the average bubble diameter would be over 10 mm.
These results show without doubt a gap between the predictions of bubble size, of the jet depth penetration, and of
the physical behavior of the bubble plume. To conclude, the dynamic ascent of the bubble plume was measured and
happens to be quite different from the dynamics of isolated bubbles.

3.4. Entrained Air Flow Rate (Qg)
1

Qg  1.3 *10 4   l * Q *Vi2 
2


0.61

Air flow rate entrained by Elsawy and al.(1980)

(13)

0.65

L 
Air flow rate entrained by Donk, (1981)
Qg  0.09 * Q *  c 
 D0 
In equations (13, 14), Lc (m) is the fall height between the nozzle and the free surface.

(14)

0.080
Entrained air flow rate (m3/s)
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Calculated air flow rate Ø135 mm (Donk, 1981)
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Measured air flowrate Ø135 mm

0.040
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Figure 9: Comparison between measured entrained air flow rate and calculated one.
The above two predictions for the entrained air flow rate have been compared and analyzed in Bin’s review paper
(1993) on air entrainment. The experimental set-ups considered by Bin correspond to jet powers
N j  0.5 * l * Q *Vi2 up to 100 W. For the present conditions, the jet power is around 10 kW, which is two orders
of magnitude larger.
Fl   *Vc 
 Qg 

F *S
l

i

Calculated entrained air flow rate

i

In equation (15), Si (m2) is the influence area of the local flux.
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Figure 10: Experimental results for the entrained air flow rate downstream the jet impact point.

(15)

A local gas flux (Fl, ms-1) can be calculated as the measured void rate multiplied by the bubble velocity taken equal
to the channel velocity. The entrained air flow rate (Qg) (m3s-1) is then derived by integrating the local flux over the
channel cross-section. Measured air entrained flow rates lie between the two predictions, but the interval between
the two predictions (Figure 9) varies by a factor of three. In Figure 10, the measured air flow rate evolution
downstream the jet impact has been drawn. In the current cases, the ratio (Qg/Q) is between 40% and 54% at 1 m
downstream the impact point. This ratio rapidly decreases down to 10% at 5 m downstream the jet impact location.
Evaluating the error precisely linked with the measured air flow rate is challenging. Consequently, the comparison
results point out the lack of accuracy on the air entrainment prediction for this kind of jet.

4. JET STATE
The jet state during the fall is investigated to compare the experimental results with the available literature. In
particular, the calculation of the turbulent intensity (Tu) jets is needed to compare with Ervine’s studies.

4.1. Jet Dynamic Pressure
A simplified calculation of the mean dynamic pressure can be achieved assuming a free-fall velocity converted into
a dynamic pressure (Table 3), and the measured dynamic pressure are shown in Figure 11.

Figure 11: Dynamic pressure across the jet on the three measurement sections below the 135 mm nozzle Q =110 l/s.

Table 3: Simplified calculated dynamic pressure for all the measured sections and cases.
Fall height under
the Nozzle (Lc)
(m)
0
0.27
0.94
2.57

Calculated
dynamic pressure
Ø 135mm Q 80L/s
(bar)
0.153
0.179
0.245
0.405

Calculated
dynamic pressure
Ø 135mm Q
110L/s (bar)
0.290
0.316
0.382
0.542

Calculated
dynamic pressure
Ø 164mm Q 50L/s
(bar)
0.028
0.053
0.119
0.279

Calculated
dynamic pressure
Ø 164mm Q 80L/s
(bar)
0.071
0.098
0.163
0.323

Calculated
dynamic pressure
Ø 164mm Q
100L/s (bar)
0.111
0.138
0.204
0.364

The calculated values (Table 3) are close to the values measured (Figure 11) in the jet center for the first two or
three sections depending on the case, but the last section’s values differ from the calculated values.
The measured pressures are generally lower than the calculated ones. We believe that the perturbations induced by
the surrounding air are directly causing the observed deceleration.
In addition, the spectral densities of the pressure fluctuations were computed. The spectral density is the Fourier
transform applied to discrete fluctuation pressure data. The goal was to understand the jet fluctuations thanks to the
dynamic pressure measurement. For all cases, no clear density peak appears on the spectra. The explanation of this
unexpected observation may be that the pressure sensor is fixed in space whereas the jet is flapping as illustrated on
figure 5c (taken with a high shutter speed). Consequently, this way of measuring cannot provide precise jet pressure
fluctuations. However, it is observed that the energy (>10-5 Bar2/Hz) is mainly concentrated in the low frequencies
(<102Hz).

Figure 12: Power spectral density of dynamic pressure fluctuations D0 135 mm Q= 110 l/s ,Z= 2.57 m

4.2. Turbulence Intensity (Tu)

Table 4: Tu estimated value for the different cases.
D0 (m)
Q (m3s-1)
Tu (%)

0.135
0.08
5

Tu 

0.135
0.11
3

1n

0.164
0.05
20

0.164
0.08
8

0.164
0.10
7

P

n
1 iT

Tu calculation
(16)
PM
Equation 16 defines the Turbulence intensity (Tu) where n is the number of pressure values recorded in one run, PiT
is the instantaneous total pressure, and Pm is the average pressure (Pa).
The Tu have been estimated with the analysis of the dynamic pressure in the jet cross-section located at Z=0.27m. A
local Tu has been calculated as described in the previous equation (16) for each measurement point located in the jet
(a >0.8). The final Tu is an average of all the local Tu inside the jet. The uncertainty regarding this Tu value is large
because of the difficulties in estimating the jet diameter at the section Z=0.27m. The 20% uncertainty value given
for the 164 mm diameter and 0.05 m3s-1 flow rate is due to this reason. In this case, the jet fluctuations began before
the 0.27 m section. The experimental set up was not well adapted to this parameter because the pressure sensor is
static, whereas the jet is moving radially (see section 2.3).

4.3. Void Rate

Figure 13: Void fraction profiles across the jet at different distances from the nozzle (D0 135mm, Q =110 l/s)

For all cases, the void fraction in the first measurement section is equal to zero, indicating that the ambient air has
not yet disturbed the jet. The point where the void fraction is equal to 100% shows that the probe was located at the
border of the jet (Figure 13).
For the other sections, the air penetration is well defined by the measurements. Especially at the 2.57 m section, the
over 80% void fraction value may indicate that the jet is atomized (Figure 13). Again, the problem is that the probe
was static in a fluctuant jet; this induces the same consequences as pressure measurement. The void fraction is close
to 100% all over the last section (2.57 m). Accordingly, it may easily be extrapolated that the jet is highly aerated.

4.4. Breakup Length
The length after which the jet becomes a discontinuous structure is usually called the breakup length. Different
formulae to predict the break-up length have been proposed (Bin, 1993):
Table 5: Breakup length relations proposed in the literature

Lb
1.05

D0 1.14 * Tu
(17) Ervine and al., 1997

Lb  6  Q0.32

Lb  C  Q s

(18) Horeni (1956) quoted in Le Castillo, (2007)

(19) Elsawy and al., (1980)

In the previous equations (17, 18, 19), Tu is the turbulent intensity, Lb the breakup length, and C and S are empirical
coefficients related to the turbulence intensity.
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Figure 14: Comparison between different literature breakup lengths
To exploit the proposal of Ervine et al., we considered two reasonable values for Tu, close to what is expected in a
fully developed pipe flow, namely Tu=3% for Ø135 mm and Tu= 8% for Ø164mm. This comparison coupled with
the jet void rate and dynamic pressure before the impact suggests that for 3 cases out of 5, the jet is atomized or
nearly atomized (Figure 14).
The high-speed videos have proved that none of the jets has broken. Instead, lateral jet undulations are significant.
Thus, imaging with a low-speed camera leads to a misunderstanding of the jet structure during the fall. In a nutshell,
the jet flapping is the explanation of the large void fraction and of the pressure fluctuations observed.

In conclusion, the classical relations seem to be inapplicable to the jets considered in these experiments. The videos
show that while other results suggested an atomized jet, the jet is actually not atomized but destabilized during its
fall (Figure 5).

5. CONCLUSION
For five large jets, the flow rate and a 2.57m fall height were tested. From a survey of the bibliography, the air
entrainment consequences of large plunging jets happen to have been scarcely investigated. The main unknown
variables such as the bubble diameter, the penetration depth, the bubble plume bottom ascent velocity and the
entrained air flow rate have been measured and compared to the main relationships available in the literature. It has
incontestably been pinpointed that the case of large-scale jets is still not well understood and that air entrainment in
such conditions still escapes prediction. The jet structure before impact is probably the key point to forecast the jet
consequences in terms of bubble generation. That is the reason why a second investigation has been focused on the
jet structure. It has been underlined that conventional imaging methods coupled with human vision lead to a
misunderstanding mainly because of the jet flapping motion. Therefore, only high-frequency imaging enables
correct analysis of the motion and the real behavior of the jet during its fall. The conclusion is that it is still
necessary to find the correct parameters that govern the evolution of a large jet from the nozzle to the plunge pool.
To reach this purpose, a large scale experiment should be carried out to connect bibliographic results concerning
small and medium scales with large-scale jets.
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